Context: Asoprisnil, a selective progesterone (P4) receptor (PR) modulator (SPRM) with mixed P4 agonist/antagonist activities, reduces uterine leiomyoma volume in a dose-dependent manner in the presence of follicular phase estrogen concentrations. The evidence from clinical studies suggests that asoprisnil may directly target the uterine leiomyomata.
A CCUMULATING DATA SUPPORT the concept that progesterone (P4) plays a vital role in the growth of uterine leiomyomata (1) . The effects of P4 on target tissues are mediated by the P4 receptor (PR), which belongs to the nuclear receptor family. PR functions as a ligand-activated transcription factor to regulate the expression of target genes (2) . PR exists as two isoforms, PR-A and PR-B, which are transcribed from two promoters on a single gene (3) . The two PR isoforms have distinct functions (4) . PR-B functions as a transcriptional activator of P4-responsive genes, whereas PR-A may function as a transcriptional inhibitor (4, 5) . Several studies have demonstrated that PR is up-regulated in uterine leiomyomata compared with adjacent normal myometrium (6 -8) at mRNA and protein levels. Evidence from clinical studies suggests that synthetic progestins stimulate leiomyoma growth (9 -11) , whereas the P4 antagonist RU 486 has opposite effects (12) (13) (14) . Collectively, these data suggest that PR may act to promote leiomyoma growth.
Asoprisnil (benzaldehyde, 4-[(11,17)-17-methoxy-17-(methoxymethyl)-3-oxoestra-4,9-dien-11-yl]-1-oxime) belongs to a novel class of 11␤-benzaldoxime-substituted selective PR modulators (SPRMs). SPRMs are PR ligands that exert clinically relevant, tissue-selective P4 agonist, antagonist, partial, or mixed agonist/antagonist effects on various P4 target tissues in an in vivo situation depending on the biological action studied (15) . Asoprisnil shows mixed P4 agonist/ antagonist and tissue-selective effects in various animal models (16, 17) . It has high PR specificity with no antiglucocorticoid and marginal androgenic effects in humans (15) . Asoprisnil shows a high degree of selectivity in the endometrium of animals and humans (15) (16) (17) . In premenopausal women, asoprisnil is reported to suppress menstruation and induce mixed P4 agonist/antagonist effects on the glandular epithelium, stroma, and clusters of thick-walled arterial vessels in the endometrium without showing the endometrial hyperplasia indicative of unopposed estrogen effects (18) . Asoprisnil reached an advanced stage of clinical development for the treatment of uterine leiomyomata (19, 20) and endometriosis (21) . Recent clinical studies with asoprisnil in patients with uterine leiomyomas demonstrated that asoprisnil reduces uterine volume and myoma volume in a doseand time-dependent manner and improves leiomyoma pressure symptoms (19, 20) . It also suppressed the duration and intensity of uterine bleeding. These effects were observed in the presence of follicular phase estrogen concentrations. Although the clinical evidence suggests that asoprisnil may exert a direct effect on uterine leiomyoma, the precise mechanism underlying the action of asoprisnil on uterine leiomyomata and normal myometrium remains to be elucidated. Recently, we demonstrated that the P4 antagonist CDB-2914 inhibits the proliferation of cultured human leiomyoma cells and induces apoptosis of those cells (22) . However, SPRMs have not yet been studied in these cells.
In the present study we evaluated the effects of asoprisnil on proliferation and apoptosis in cultured human uterine leiomyoma cells and normal myometrial cells using different end points.
Materials and Methods

Tissue collection
Twenty samples of uterine leiomyoma tissues and adjacent normal myometrium were obtained from Japanese women with regular menstrual cycles who underwent hysterectomy for uterine leiomyomas at Kobe University Hospital. Informed consent was obtained from each patient before surgery for the use of uterine leiomyoma and myometrial tissues for the present study. The institutional review board approved the use of uterine leiomyoma and myometrial tissues for culture experiments. The patients ranged in age from 33-45 yr, with a mean age of 39 yr, and had received no hormonal therapy for at least 6 months before surgery. The histological diagnosis of each uterine specimen was examined. Samples were excluded from the study if accurate menstrual cycle dates could not be assigned or if unexpected pathology was found (e.g. adenomyosis). Thirteen samples were collected from the proliferative phase of the menstrual cycle, and seven samples were obtained from the secretory phase of the menstrual cycle.
Cell culture
Uterine leiomyoma tissues and adjacent normal myometrium were obtained from the same individual uterus in the proliferative or secretory phase of the menstrual cycle, dissected from endometrial layers, cut into small pieces, and digested in 0.2% collagenase (wt/vol) at 37 C for 3-5 h (23). The collagenase treatment was shown to provide a pure population with smooth muscle cell characteristics without stromal or glandular epithelial cell contamination (23) . Different types of primary cultures were used for different experiments. The leiomyoma cells and normal myometrial cells were collected by centrifugation at 460 ϫ g for 5 min and washed three times with PBS containing 1% antibiotic solution, respectively. Cell viability was determined by trypan blue exclusion test. The isolated leiomyoma cells and normal myometrial cells were plated at densities of approximately 1 ϫ 10 6 cells/dish in 10-cm 2 culture dishes, 4 ϫ 10 4 cells/well in two-well chamber glass slides, and 1 ϫ 10 4 /well in 96-well tissue culture plates. The isolated leiomyoma cells and normal myometrial cells in culture dishes and two-well chamber slides were subcultured at 37 C for 120 h in a humidified atmosphere of 5% CO 2 -95% air in phenol red-free DMEM supplemented with 10% fetal bovine serum (vol/vol; Invitrogen Life Technologies, Inc., Grand Island, NY). The isolated leiomyoma cells and normal myometrial cells in 96-well tissue culture plates were subcultured for 72 h under the conditions described above. The monolayer cultures reaching approximately 70% confluence were treated with graded concentrations (10
Ϫ8
, 10
Ϫ7
, and 10 Ϫ6 m) of asoprisnil (J867, TAP Pharmaceutical Products, Inc., Lake Forest, IL) in serum-free, phenol red-free DMEM for 24, 48, and 72 h. Asoprisnil was dissolved in absolute ethanol. The final concentration of ethanol in culture medium was less than 0.01%, and the same concentration of ethanol was used as a vehicle in control cultures.
Cell proliferation assay
The cell viabilities of cultured leiomyoma cells and normal myometrial cells were colorimetrically determined using a cell proliferation assay kit (CellTiter 96 AQ ueous One Solution Cell Proliferation assay, Promega Corp., Madison, WI). After being treated in the absence or presence of graded concentrations (10
Ϫ8
Ϫ7
, and 10 Ϫ6 m) of asoprisnil in serum-free DMEM for 24, 48, and 72 h in a 96-well tissue culture plate, 20 l CellTiter 96 AQ ueous One Solution Reagent containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine ethosulfate was added to each well, and cultured cells were incubated at 37 C in a humidified, 5% CO 2 atmosphere for 4 h. The absorbance of soluble formazan produced by cellular reduction of the MTS was measured at 490 nm using an MTP-120 ELISA plate reader (Corona Electric Co., Osaka, Japan). The MTS tetrazolium compound is bioreduced by cells into formazan product by reduced nicotinamide adenine dinucleotide phosphate or reduced nicotinamide adenine dinucleotide produced by dehydrogenase enzymes in metabolically active cells (24) . The quantity of formazan product, as measured by the amount of 490-nm absorbance, is directly proportional to the number of living cells in culture. Experiments were performed in triplicate. Results were expressed as the OD at 490 nm.
Immunocytochemical staining for PCNA
The leiomyoma cells and normal myometrial cells cultured in twowell chamber slides were washed three times with PBS, fixed in methanol at 4 C for 20 min, and again washed with PBS three times. The fixed cells were subjected to immunostaining by the avidin/biotin immunoperoxidase method using a polyvalent immunoperoxidase kit (Omnitags, Lipshow, MI) according to the manufacturer's instructions. A mouse monoclonal antibody to human proliferating cell nuclear antigen (PCNA; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was used as the primary antibody at a dilution of 1:80. To assure the specificity of the immunological reaction, cultured cells were subjected to the same immunoperoxidase method, except that the primary antibody was replaced by nonimmune murine IgG (Miles, Erkhardt, IN) at the same dilution as the specific antibody. The replacement of the specific primary antibody with nonimmune murine IgG resulted in a lack of positive immunostaining for PCNA. Immunocytochemical staining was analyzed by two investigators in a blinded fashion without knowledge of the experimental group. The PCNA-positive rate was determined by observing more than 1000 nuclei for each experimental sample and was used for evaluating the proliferating activity of cultured leiomyoma cells and normal myometrial cells.
In situ terminal deoxynucleotidyl transferase-mediated 2Ј-deoxyuridine 5Ј-triphosphate nick end labeling (TUNEL) assay
In situ labeling of fragmented DNA in cultured leiomyoma cells and normal myometrial cells was performed with the TUNEL assay, using the ApopTag in situ apoptosis detection kit (Intergen Co., Purchase, NY) according to the manufacturer's protocol for monolayer cultures. The leiomyoma cells and normal myometrial cells were subcultured in twowell glass chamber slides for 120 h, then cultured under serum deprivation conditions for 24 and 48 h in the absence or presence of graded concentrations of asoprisnil. At the termination of cultures, nucleotidesized DNA fragments were tailed with digoxigenin-deoxy-UTP and then bound with peroxidase-conjugated antidigoxigenin antibodies. The nuclei were counterstained with hematoxylin (Zymed Laboratories, Inc., San Francisco, CA) for determining the TUNEL-positive rate of cultured leiomyoma cells and normal myometrial cells. The TUNEL-positive rate of cultured leiomyoma cells and normal myometrial cells was analyzed by two investigators in a blinded fashion without knowledge of the experimental group. All stained nuclei were scored as positive for TUNEL. The TUNEL-positive rate was determined by observing more than 1000 nuclei for each experimental sample.
Western blot analysis for PCNA, Bcl-2, cleaved caspase-3, and cleaved poly(adenosine 5Ј-diphosphate-ribose) polymerase (PARP)
Proteins were extracted from cultured leiomyoma cells and normal myometrial cells. At the termination of cultures, cells were lysed at 4 C for 20 min in the presence of a lysis buffer consisting of 150 mm NaCl, 2 mm phenylmethylsulfonylfluoride, 1% Nonidet P-40, 0.5% deoxycholate, 1 mg/liter aprotinin, 0.1% sodium dodecyl sulfate, and 50 mm Tris-HCl (pH 7.5). The lysates were subsequently centrifuged at 13,000 ϫ g for 30 min at 4 C, and the supernatants were collected. Protein content in the supernatants was determined by the Bradford assay (25) . Each 150-g aliquot of the proteins extracted from cultured leiomyoma cells and normal myometrial cells was electrophoresed on 10% SDS-PAGE under reducing conditions. The proteins were then electrophoretically transferred from gels to nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA). The blots were exposed overnight to a mouse monoclonal antibody to PCNA (Santa Cruz Biotechnology, Inc.), a mouse monoclonal antibody to Bcl-2 (Santa Cruz Biotechnology, Inc.), a rabbit polyclonal antibody to caspase-3 that recognizes procaspase and active caspase (Cell Signaling Technology, Inc., Livermore, CA), a rabbit polyclonal antibody to PARP (Cell Signaling Technology, Inc.), and a mouse monoclonal antibody to PR (Santa Cruz Biotechnology, Inc.) at dilutions of 1:200, 1:200, 1:1000, 1:1000, and 1:500, respectively. The membranes were incubated for 1 h with horseradish peroxidase-conjugated antimouse or antirabbit secondary antibody (Amersham Biosciences, Arlington Heights, IL) that was diluted at 1:1000 with blocking buffer. The antigen-antibody complexes were detected with the ECL chemiluminescence detection system (Amersham Biosciences). Membranes were visualized by exposure to X-OMAT film (Eastman Kodak Co., Rochester, NY). The radioautograms were then scanned and quantified with ChemiImager 4400 (Astec Co. Ltd., Osaka, Japan). The experiments were repeated with at least six different cultured specimens and similar results were obtained; the reported results are representative.
Statistical analysis
The data were expressed as the mean Ϯ sd from at least six independent experiments. Statistical significance was determined using Student's t test and one-or two-way ANOVA. P Ͻ 0.05 was considered statistically significant.
Results
Effects of graded concentrations of asoprisnil on the number of viable cultured leiomyoma cells and normal myometrial cells
Comparative effects of treatment with graded concentrations of asoprisnil on the number of viable cultured leiomyoma cells and normal myometrial cells were determined by MTS assay (Fig. 1) Ϫ7 m asoprisnil at 72 h). However, asoprisnil had no effect on the number of viable cultured normal myometrial cells over the treatment period of 72 h. 
Effects of graded concentrations of asoprisnil on the PCNApositive rate and PCNA protein expression in cultured leiomyoma cells and normal myometrial cells
The PCNA-positive rate of leiomyoma cells and normal myometrial cells cultured in the absence or presence of graded concentrations of asoprisnil for 24, 48, and 72 h was comparatively assessed by immunocytochemical analysis (Fig. 2, upper panel) . Two-way ANOVA of the indexes for the PCNA-positive rate of cultured leiomyoma cells showed a significant interaction between time of culture and asoprisnil concentration (P Ͻ 0.001). Compared with untreated control cultures, treatment with 10 Ϫ6 m asoprisnil significantly (P Ͻ 0.01) decreased the PCNA-positive rate of cultured leiomyoma cells at 24, 48, and 72 h. Treatment with either 10 Ϫ8 or 10 Ϫ7 m asoprisnil showed no significant effect at 24 h, but resulted in a significant (P Ͻ 0.01) decrease in the PCNApositive rate of cultured leiomyoma cells at 48 and 72 h compared with untreated control cultures. In cultured normal myometrial cells, however, treatment with asoprisnil did not affect the PCNA-positive rate over the 72-h treatment period.
Comparative effects of treatment with graded concentrations of asoprisnil on PCNA protein expression in leiomyoma cells and normal myometrial cells cultured for 48 h were assessed by Western blot analysis (Fig. 2, lower panel) . Oneway ANOVA of the indexes for PCNA protein expression in cultured leiomyoma cells showed significant effects of asoprisnil concentrations (P Ͻ 0.001). Compared with untreated control cultures, treatment with asoprisnil at concentrations greater than or equal to 10 Ϫ7 m significantly (P Ͻ 0.01) de- creased PCNA protein expression in cultured leiomyoma cells. There was a significant (P Ͻ 0.01) difference in PCNA protein levels between 10 Ϫ7 and 10 Ϫ6 m asoprisnil treatments. In cultured normal myometrial cells, however, treatment with asoprisnil did not affect PCNA protein expression over the 72-h treatment period. 
Effects of graded concentrations of asoprisnil on the TUNEL-positive rate of cultured leiomyoma cells and normal myometrial cells
Effects of graded concentrations of asoprisnil on Bcl-2 protein, cleaved caspase-3, and cleaved PARP expression in cultured leiomyoma cells and normal myometrial cells
Comparative effects of treatment with graded concentrations of asoprisnil on Bcl-2 protein, cleaved caspase-3, and cleaved PARP expression in cultured leiomyoma cells and normal myometrial cells were assessed by Western blot analysis at 48, 24, and 48 h, respectively (Fig. 4) , because we have noted that cleaved caspase-3 expression reaches a peak at 24 h, followed by a peak of cleaved PARP expression at 48 h in cultured leiomyoma cells treated with the P4 antagonist CDB-2914 (22) .
One-way ANOVA of the indexes for Bcl-2 protein expression in cultured leiomyoma cells showed significant effects of asoprisnil concentrations (P Ͻ 0.001). Treatment with asoprisnil at concentrations greater than or equal to 10 Ϫ7 m significantly (P Ͻ 0.01) decreased Bcl-2 protein expression in leiomyoma cells cultured for 48 h compared with untreated control cultures (Fig. 4, upper panel) . In cultured normal myometrial cells, however, treatment with asoprisnil did not affect Bcl-2 protein expression (Fig. 4, upper panel) .
One-way ANOVA of the indexes for cleaved caspase-3 expression in cultured leiomyoma cells showed significant effects of asoprisnil concentrations (P Ͻ 0.001). Cleaved caspase-3 expression in leiomyoma cells cultured for 24 h was significantly (P Ͻ 0.01) augmented by treatment with asoprisnil at concentrations greater than or equal to 10 Ϫ8 m compared with untreated control cultures (Fig. 4, middle  panel) . There was a significant difference (P Ͻ 0.01) in cleaved caspase-3 expression between 10 Ϫ8 and 10 Ϫ7 m asoprisnil treatment. In cultured normal myometrial cells, however, treatment with asoprisnil did not affect cleaved caspase-3 expression (Fig. 4, middle panel) .
One-way ANOVA of the indexes for cleaved PARP expression in cultured leiomyoma cells showed significant effects of the asoprisnil concentration (P Ͻ 0.001). Cleaved PARP expression in leiomyoma cells cultured for 48 h was significantly (P Ͻ 0.01) increased by treatment with asoprisnil at concentrations greater than or equal to 10 Ϫ8 m compared with untreated control cultures (Fig. 4, lower panel) . There was a significant difference (P Ͻ 0.01) in cleaved PARP expression between 10 Ϫ7 and 10 Ϫ6 m asoprisnil treatments. In cultured normal myometrial cells, however, treatment with asoprisnil did not affect cleaved PARP expression (Fig.  4, lower panel) . M asoprisnil significantly augmented the TUNEL-positive rate at 48 h. In cultured normal myometrial cells, however, treatment with asoprisnil did not affect the TUNEL-positive rate. Results represent the mean Ϯ SD of at least six independent experiments performed in triplicate. *, P Ͻ 0.01 vs. untreated control cultures at 24 and 48 h cells, as assessed by Western blot analysis. PR-B expression in untreated cultured leiomyoma cells was significantly (P Ͻ 0.05) higher than that in untreated cultured normal myometrial cells, but there were no differences in PR-A expression between the two cell types. The PR-A/PR-B ratio was significantly decreased (P Ͻ 0.05) in untreated cultured leiomyoma cells compared with that in untreated cultured normal myometrial cells.
Expression of PR-A and PR-B in untreated cultured leiomyoma cells and untreated cultured normal myometrial cells
Discussion
In the present study we demonstrate that asoprisnil exerts growth inhibitory effects on cultured leiomyoma cells by decreasing proliferation and increasing apoptosis of those cells without affecting the cell growth and survival of cultured normal myometrial cells obtained from the same uterus. Because the PCNA-positive rate of Densitometric analysis of Bcl-2 protein, cleaved caspase-3, and cleaved PARP was performed as described in Materials and Methods. ␤-Actin was used to ensure the even loading of each specimen. Results represent the mean Ϯ SD of the fold increase over the control value of at least six independent experiments performed in triplicate. *, P Ͻ 0.01 vs. Bcl-2 protein, cleaved caspase-3, and cleaved PARP content in each untreated control culture.
leiomyoma cells was shown to be higher in the secretory phase than in the proliferative phase of the menstrual cycle (26), we subcultured isolated cells in phenol red-free DMEM supplemented with 10% fetal bovine serum for 120 h to abrogate the menstrual cycle-dependent influence on the biological characteristics of cells. We confirmed that the 120-h subculture produced no differences in the PCNA-positive rate of cultured leiomyoma cells obtained from the different phases.
The effects of asoprisnil on leiomyoma cells were dose and time dependent. These findings are in accord with our previous data showing that P4 up-regulates PCNA protein expression in cultured leiomyoma cells, but not in cultured normal myometrial cells (26) . Overall, these observations suggest that PR plays an important role in the regulation of both cell proliferation and programmed cell death in leiomyoma cells. Our results also suggest that the effects of asoprisnil on leiomyoma cells most likely represent the PR antagonistic activity of this compound in these particular cells. A partial PR antagonistic effect of asoprisnil was previously described in rabbit and guinea pig uterus (15) (16) (17) . The exact mechanism of the antiproliferative effect of asoprisnil on leiomyoma cells remains to be evaluated. This effect may be due to the inhibition of P4-induced expression of local growth factors, such as epidermal growth factor (26) . However, other potential mechanisms, such as PR-mediated effects on the cell cycle (27, 28) , cannot be excluded.
Apoptosis is mediated through either the intrinsic mitochondrial pathway or the extrinsic pathway (29) . In the intrinsic mitochondrial pathway, cytochrome c that is released from mitochondria into the cytosol forms the apoptosome together with apoptosis-protease activating factor-1 (29, 30) , which recruits caspase-9 (31). Caspase-9 cleaves and activates the effector caspase, caspase-3 (29, 31) . During the course of apoptosis, caspase-3 proteolytically cleaves the nuclear enzyme PARP (32) , which is implicated in DNA replication, transcription, DNA repair, apoptosis, and genome stability (33) . Thus, the cleavage of PARP is regarded as a hallmark event for the apoptotic paradigm (34) . In contrast, Bcl-2 protein that resides in mitochondrial membranes acts to prevent the release of apoptogenic proteins from mitochondria (35) .
In our study asoprisnil induced apoptosis of cultured leiomyoma cells in a dose-and time-dependent manner through up-regulating cleaved caspase-3 and cleaved PARP expression and down-regulating Bcl-2 protein expression. The proapoptotic effects of asoprisnil in cultured leiomyoma cells, but not in cultured normal myometrial cells, are in agreement with the data from our previous study showing that P4 up-regulates Bcl-2 protein expression in cultured leiomyoma cells, but not in cultured normal myometrial cells (23) . Our results suggest that asoprisnil may act to trigger an intrinsic mitochondria-mediated apoptotic pathway by down-regulating Bcl-2 protein expression, subsequently activating caspase-3, which is the final executioner of apoptosis.
Unlike cultured leiomyoma cells, asoprisnil did not affect the growth and survival of cultured normal myometrial cells. This reinforces the cell type-selective action of asoprisnil. The relative expression levels of PR-A and PR-B are reported to determine the responsiveness of human myometrial cells to P4 (36) . In the present study PR-B expression in untreated cultured leiomyoma cells was elevated compared with that in untreated cultured normal myometrial cells, whereas there were no differences in PR-A expression between the two types of cells. Consequently, the PR-A/PR-B ratio in untreated cultured leiomyoma cells was lower than that in untreated cultured normal myometrial cells. Our results were in agreement with previously reported data showing that PR-B protein expression is increased in leiomyoma tissues compared with adjacent normal myometrium (6), sug- gesting that cell culture may not affect the comparable expression patterns of PR isoforms between the two types of cells. Our observation suggests that differential expression of PR-B in leiomyoma vs. normal myometrial cells may play a role in the cell type-specific effects of asoprisnil.
Coactivators and corepressors are nuclear proteins that modulate the transcriptional activity of nuclear receptors. Coactivators enhance the transcriptional activity of nuclear receptors, whereas corepressors elicit inhibitory effects on nuclear receptors (15) . P4 agonists promote the interactions of the nuclear receptor with coactivators, whereas P4 antagonist favors the interactions with corepressors (15) . The differential responsiveness to asoprisnil of the two types of cells might be due to the difference in regulating the interactions with coactivators and corepressors. However, the precise mechanism underlying the differential effects of asoprisnil in cultured leiomyoma cells and normal myometrial cells remains to be determined.
In conclusion, we have demonstrated for the first time that asoprisnil selectively inhibits the proliferation of cultured human leiomyoma cells by down-regulating PCNA expression and induces apoptosis by up-regulating cleaved caspase-3 and cleaved PARP expression and down-regulating Bcl-2 protein expression without affecting the proliferation and apoptosis of cultured human normal myometrial cells. The results of the present study suggest that a progressive shrinkage of uterine leiomyomata during treatment with asoprisnil, as observed in clinical trials (19, 20) , may be due at least in part to a direct, PR-mediated, and cell typespecific effect of asoprisnil on leiomyoma cells. Asoprisnil has the potential to become a novel treatment for symptomatic uterine leiomyomata.
